A technique suitable for diffusion tensor imaging (DTI) at high field strengths is presented in this work. The method is based on a periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER) k-space trajectory using EPI as the signal readout module, and hence is dubbed PRO-PELLER EPI. The implementation of PROPELLER EPI included a series of correction schemes to reduce possible errors associated with the intrinsically higher sensitivity of EPI to off-resonance effects. Experimental results on a 3.0 Tesla MR system showed that the PROPELLER EPI images exhibit substantially reduced geometric distortions compared with single-shot EPI, at a much lower RF specific absorption rate (SAR) than the original version of the PROPELLER fast spin-echo (FSE) technique. For DTI, the self-navigated phase-correction capability of the PROPELLER EPI sequence was shown to be effective for in vivo imaging. A higher signal-to-noise ratio (SNR) compared to single-shot EPI at an identical total scan time was achieved, which is advantageous for routine DTI 
The importance of diffusion tensor imaging (DTI) in white matter diseases is now well recognized by the clinical neurology community. It has several applications, including the detection of pathologically induced alterations in neural fiber architecture resulting from multiple sclerosis (1), traumatic axonal injury (2) , adrenoleukodystrophy (3), or tumors (4, 5) . The current implementation of DTI often uses single-shot echo-planar imaging (EPI) as the signal readout module following diffusion-weighted (DW) magnetization preparation. Due to strong susceptibility effects from the air-tissue interface, however, the EPI images show severe geometric distortions that are prominent especially near the skull base (6, 7) . As a consequence, image mapping methods based on DTI, such as fractional anisotropy maps or neural fiber tractograms, are inherently prone to errors in regions such as the frontal lobe near the frontal sinus and optic chiasm in the central brain base.
Reductions in geometric distortions can be accomplished via a decrease in the total data acquisition time following the RF excitation pulse, so as to reduce influences from off-resonance spins. A typical method to achieve this purpose is the multishot EPI or segmented EPI technique, which splits the series of gradient-echo acquisitions into several TRs, at the expense of possible motion artifacts (8) . In DW imaging (DWI) using multishot EPI, navigator phase correction is further needed because of phase inconsistencies in the presence of involuntary motion sensitized by the DW gradients (6, 7, 9) . Alternatively, imaging methods based on spin-echo acquisitions are intrinsically immune to off-resonance effects due to the refocusing functions of the 180°pulses. One way to achieve distortion-free DTI images is to use a periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER) fast spin-echo (FSE) technique (10 -12) , which uses multishot FSE acquisitions incorporated with a k-space trajectory somewhat similar to that used in the projection reconstruction method (13) . Since a relatively large number of 180°p ulses are used in PROPELLER FSE, the RF specific absorption rate (SAR) is potentially an issue of concern at high field strengths.
In this article, we propose a PROPELLER EPI technique that is suitable for DTI at high field strengths and reduces geometric distortions. Utilizing our correction procedures, the PROPELLER EPI images simultaneously exhibit substantially reduced geometric distortions compared with single-shot EPI, and much lower SAR than FSE. The method also has a self-phase-correction capability, which is needed in multishot diffusion imaging (14) . We will further show that the PROPELLER EPI technique has unique signal-to-noise ratio (SNR) advantages due to a reduced data acquisition window that allows more sampling in k-space center to be performed at a fixed total scan time, and hence is beneficial for routine DTI applications.
MATERIALS AND METHODS

PROPELLER EPI Sequence
The PROPELLER technique collects data in a series of circularly rotating blades to fill out the entire k-space (14) . The k-space trajectory is schematically illustrated in Fig. 1 . Each blade represents data acquisition from the central k-space at a certain angle and contains several phaseencoding lines. As opposed to the original PROPELLER technique, which used FSE for signal readout (10, 14) , we acquired data in each blade using single-shot spin-echo EPI in this study in order to reduce SAR. The timing of the spin echo corresponded to the k-space center. Isotropic density was used for the distribution of k-space data throughout this study.
The use of EPI as the signal readout module for PRO-PELLER imaging naturally results in intrinsically higher sensitivity to off-resonance effects compared to the original version of PROPELLER FSE sequence. We therefore performed a series of correction schemes to reduce possible errors associated with these effects, as detailed below.
Spatial Registration
An offset of the central reference frequency in EPI acquisition would lead to a global spatial displacement of the reconstructed image along the phase-encoding direction. Since the phase-encoding direction in PROPELLER EPI is changed by a rotation angle in each blade, combining the data without correcting for the spatial displacement may lead to image blurring (10) . To reduce possible blurring due to spatial displacements, each blade of the k-space data was first Fourier-transformed to a 128 ϫ 32 lowresolution image. All of these low-resolution images were then averaged to one temporary target image. Subsequently, each of the low-resolution images was registered to the temporary target image by calculating the 2D correlation as a function of spatial shifting along different directions. The amount of global spatial displacement for each low-resolution image could thus be determined when a maximum 2D correlation was found. Correction for the displacement was then accomplished by applying the appropriate linear phase shift in k-space to each blade.
Phase Correction
Following spatial registration, phase correction was applied to individual blades of k-space data to ensure constructive data combinations. For this purpose, a pyramid window was first applied to each blade of data in the k-space, as was done in the original version of PROPEL-LER FSE imaging (10, 14) . The resulting phase of the windowed data was then removed from the original unwindowed data in the image domain. The phase-corrected unwindowed data were then used for other corrections, as will be detailed in later sections. Note that this step is required especially for multishot DWI because of the phase changes in every blade due to intravoxel coherent motion in the presence of strong DWI gradients. Otherwise, a destructive combination may result, leading to image artifacts arising from data cancellation.
Further Reduction of Off-Resonance Effects via Triangular Windowing
A further step to reduce off-resonance effects was done via a weighted adjustment of the k-space data using a triangular window. The rationale of triangular windowing can be understood by first recalling that for SE-EPI, the central line of the k-space (i.e., zero phase encoding) corresponds to the time of the SE and hence exhibits the least offresonance effects. For k-space lines at a distance from the central k-space line, the phase accumulation due to offresonance scales linearly with the time separation from the SE. In other words, the data lines that are far away from the center of k-space are inherently prone to off-resonance errors, which could lead to spatial displacement along the phase-encoding direction, and hence blurring in PROPEL-LER imaging. To reduce this blurring effect, we applied a triangular window function to each blade of the k-space data, which placed more weighting on the central k-space line, with decreased weighting in a linear fashion according to the distance from the central line along the phaseencoding direction (Fig. 2) . Note that since a deemphasis of certain k-space data would result in possible artifacts due to information loss (15) , the triangular windowing operation was performed only for the k-space data that were oversampled by different blades of the PROPELLER trajectory. In this manner, the combined k-space data depended more on the signals that were less affected by off-resonance effects, and vice versa.
Off-Resonance Correction With Field Map
We found that the PROPELLER EPI images had substantially less artifacts due to off-resonance than the conven- tional single-shot EPI images, for two major reasons: 1) the echo train length in each EPI blade was about four times smaller than that in single-shot EPI imaging, and thus a significant portion of the k-space data (particularly data at the outer k-space) contained information that was geometrically less distorted; and 2) spatial registration and triangular windowing were applied (the former reduced global spatial displacement, whereas the latter deemphasized kspace data that were farther from the time of SE). In our experience, the aforementioned procedures were sufficient to yield satisfactory PROPELLER EPI images under normal shimming conditions. In situations with severe local offresonance that could lead to prominent image distortions, however, it would be useful to acquire a field map so that the individual image from each EPI blade could be undistorted before the data were combined. For this purpose, we used a scheme proposed by Chen and Wyrwicz (16) , which employs several EPI data acquisitions with different TEs to generate a field map for each slice location. Each blade image in PROPELLER EPI was subsequently undistorted according to the field map to reduce the warping effect (16) . Note that the acquisition of field maps inevitably increased the total scanning time. Therefore, although we implemented the correction routine, the results shown in this study were mostly obtained without field-map correction, unless otherwise noted.
Density Compensation and Data Combination
The combination of data acquired in the different blades was accomplished in k-space. Following regridding of the k-space data for each blade (10), density compensation was performed to achieve uniform weighting throughout the entire k-space. For this purpose, recall first that many of the k-space data points were acquired more than once due to overlapping blades, with higher data acquisition density near the center of k-space and lower at the outer k-space. The numbers of repetitive acquisition were thus recorded for all of the k-space points. With the effects of triangular windowing taken into account, the numbers of repetitive acquisition became a noninteger representing the accumulated weightings, which were used to divide the k-space data on a point-by-point basis. After this manipulation, all data with different k-space coordinates were equally weighed in terms of signal amplitude. Finally, a PROPELLER EPI image was generated by a Fourier transformation of the appropriately combined k-space data.
Imaging Experiments
A resolution phantom was scanned to first demonstrate the feasibility of the PROPELLER EPI technique and its advantages in improving resolution and reducing ghosts. For the phantom, PROPELLER imaging using single-shot SE-EPI was used to acquire 30 blades of k-space data, each with 44 lines of phase encoding and spaced at 30°from adjacent blades (equivalent to five signal averages, six blades each). The imaging parameters consisted of a TR/TE of 1000/ 69 ms, 220-mm FOV, 5-mm slice thickness, and a matrix size of 128 ϫ 128. The total scan time was 30 s. In this part of the study, DWI gradients were not applied.
In addition to the phantom experiments, eight normal subjects were scanned using six-direction DTI with PRO-PELLER EPI to demonstrate its superiority near the airtissue interface. The imaging parameters were TR/TE ϭ 1600/70 ms, matrix ϭ 128 ϫ 128, FOV ϭ 220 mm, b-factor ϭ 700 s/mm 2 , slice thickness ϭ 2 mm, and readout bandwidth ϭ 1776 Hz per pixel (maximum), with 16 slices acquired. The echo train length for the single-shot SE-EPI was set to 32 with 128 frequency-encoding points. Note that the TR/TE values were set to the shortest limits under the chosen phase-encoding number to include 16-slice interleaving. Twenty-six blades were acquired for one image for a 360°circular coverage of the k-space, which corresponded to a rotational angle of 13.8°between adjacent blades. The total scanning time was about 4 min 54 s. Afterwards, conventional six-direction DTI images were acquired using 128 ϫ 128 single-shot EPI, for comparison purposes. The TR/TE values were also set to the shortest limits of 2700/113 ms to include 16-slice interleaving. Fifteen signal averages were used to yield a similar total scan time of 4 min 40 s. Other parameters, such as the voxel dimension, readout bandwidth, and b-factor, were set identically to those used in PROPELLER EPI imaging. Note that the rationale for choosing these parameters was to compare the SNR and image quality that could be achieved at a routinely acceptable time in clinical practice. In addition, FSE images (TR/TE ϭ 1600/68) at the same slice locations were acquired for comparison of geometry and contrast.
All of the imaging experiments were performed on a head-only 3.0 Tesla MR scanner (Siemens Magnetom Allegra, Erlangen, Germany) with a circularly polarized head coil. The gradient coils have a maximum strength of 40 mT/m. Image reconstruction, including all the correction steps, was performed using MATLAB (Mathworks, Natick, MA, USA) with codes developed in-house on a personal computer with a Pentium III processor.
SNR Comparison
An empirical comparison of the SNRs obtained by PRO-PELLER EPI and single-shot EPI was performed to demonstrate the SNR advantage of PROPELLER EPI due to the FIG. 2. The triangular window used to reduce off-resonance effects in PROPELLER EPI imaging (frequency encoding along the horizontal direction). Weighting values were varied linearly from 1.0 to 0 toward the outer k-space along the phase-encoding direction. Emphasis was placed on the central k-space data because of less off-resonance effects due to SE formation. The windowing operation was performed only for the k-space data that were oversampled by different blades of the PROPELLER trajectory.
reduced data acquisition window, which allows more sampling in k-space center to be performed at a constant total scan time. For this purpose, regions of interest (ROIs) were selected within the white matter regions and the background from six image slices with b ϭ 0. The SNR was then taken as the mean of the white matter signal divided by the standard deviation (SD) of the background region. Due to the spatial averaging nature of ROI analysis, the SNR comparison method employed here is restricted to SNR at low spatial resolution. In the particular case of PROPELLER EPI, however, there are serious limitations to such a comparison, which will be addressed in the Discussion section. Figure 3 shows the step-by-step process of PROPELLER EPI data combination using the phantom image as an example. The images at the top row are the direct Fourier transformations of single-blade k-space data from the first to the sixth blade, whereas the bottom row shows images are obtained from the combination of one to six (left to right, respectively) blades of data. In addition to the continual improvements in spatial resolution and SNR in the bottom row images, one can easily notice the Nyquist ghosts, which are obvious in the single-blade images but become effectively reduced in intensity as the number of blades increases. In the final PROPELLER EPI image with the combined six blades of k-space data, the Nyquist ghosts become barely visible. Figure 4 demonstrates the effects of phase correction as needed in multishot DWI. One clearly notices the prominent difference between the images obtained without (Fig.  4b) and with (Fig. 4d ) phase correction. Note that for multishot DWI using linear phase encoding (such as conventional SE), phase changes due to intravoxel coherent motion in the presence of strong DWI gradients would lead to motion ghosts along the phase-encoding direction. In PROPELLER imaging, on the other hand, artifacts originating from phase changes among different blades are not highly predictable. The image shown in Fig. 4b exhibits only signal cancellation due to destructive data combina-
RESULTS
Step-by-step process of the PROPELLER EPI data combination of the resolution phantom. Top row: Six low-resolution images obtained from direct Fourier transformation of the single-blade k-space data. Bottom row: Images reconstructed from the combination of one to six (from left to right) blades of data. One first notices from the top row images the anisotropic spatial resolution (as evidenced by the small dots) and the EPI Nyquist ghosts, both of which are oriented differently along the phase-encoding direction. On the bottom row images, both spatial resolution and SNR continually improve as the number of combined blades increases. In addition, the Nyquist ghosts become spread out along different directions and hence become less and less prominent compared to the signal intensity within the phantom. In the final PROPELLER EPI image with six blades, the Nyquist ghosts are barely visible. tion. In our experience, we also found other types of artifacts, such as dark bands at various locations, if phase correction was not used.
In a similar fashion to Fig. 3 , Fig. 5 shows the step-bystep process of combining PROPELLER EPI data from a human brain image acquired near the paranasal sinus. The images at the top row are the direct Fourier transformations of single-blade k-space data from the fourth, 9th, 13th, 17th, 22nd, and 26th blades, whereas the corresponding bottom row shows images obtained from the combination of four, nine, 13, 17, 22, and 26 (left to right, respectively) blades of data. The effects in spatial resolution and SNR are consistent with those shown in Fig. 3 for the resolution phantom. In addition, from these brain images it is evident that the globe shape of the eyeballs improves as more blades of data are accumulated. A further comparison is shown in Fig. 6 , in which the prominent geometric distortions in the single-shot EPI image (Fig. 6a) are relatively insignificant in the PROPELLER EPI image (Fig. 6b) . The FSE image acquired at the same level (Fig. 6c) , which is known to be free from off-resonancerelated geometric distortions, showed a similar geometric appearance to the PROPELLER EPI image (Fig. 6b) . This proves that PROPELLER EPI has good immunity to local off-resonance effects. The PROPELLER EPI image exhibits contrast similar to that of the FSE image at similar TR/TE, whereas the single-shot EPI (Fig. 6a) shows stronger T 2 contrast due to longer TR/TE values.
The effect of triangular windowing is demonstrated in the fractional anisotropy (FA) maps derived from six-direction DTI acquired with PROPELLER EPI (Fig. 7) . The frontal lobe of the brain shows image quality improvements with triangular windowing. It is noted, however, that in regions showing severe off-resonance, the use of a shorter data acquisition window and triangular windowing might be inadequate for obtaining high-quality images. In such cases, corrections using field maps would be useful. Figure 8 shows the comparison using phantom images. Note that for this experiment, a much longer data acquisition window (matrix size ϭ 256 ϫ 64 for a single blade) was intentionally used in PROPELLER EPI to magnify the off-resonance effects. In other words, in the presence of severe off-resonance, triangular windowing alone (Fig. 8c) would be unable to give a satisfactory performance. Field map correction was shown to give good results with substantially reduced blurring (Fig. 8d) . The expense was the longer scan time required to obtain a reliable field map (16) . Figure 9 shows two series of color-coded FA maps derived from six-direction DTI images acquired using singleshot EPI and PROPELLER EPI. The advantage of PROPEL-LER EPI in the relative absence of geometric distortions can be seen clearly in the frontal lobe, as well as in the adjacency of the air-tissue interface. Since the susceptibility-induced distortions worsen as the static magnetic field increases, the avoidance of geometric distortions using
Step-by-step process of combining PROPELLER EPI data from the human brain at the level of paranasal sinus. Top row: Six low-resolution images obtained from direct Fourier transformation of the single-blade k-space data. Bottom row: Images reconstructed from the combination of four, nine, 13, 17, 22, and 26 (from left to right) blades of data. The improvements in resolution and SNR are in accordance with the trend shown in Fig. 3 for the phantom. In addition, note that the globe shape of the eyeballs becomes better preserved as the number of data blades increases. methods such as the PROPELLER EPI proposed in our study becomes increasingly important at high fields.
An empirical comparison of DWI images obtained at b ϭ 700 s/mm 2 showed that the SNR of PROPELLER EPI was slightly better than single-shot EPI (about 20 -30%) at a similar total scan time of about 5 min, using an ROI analysis. Figure 10 shows the image comparison, in which the SNR advantage of the PROPELLER EPI is visually evident. Note, however, that the SNR gain reported here is largely empirical, as the scanning parameters in these two types of EPI sequences were not kept constant. The single-shot EPI had longer a TR and TE (i.e., a stronger T 2 weighting) compared to the situation of PROPELLER EPI, where T 1 relaxation played a greater role in the determination of the signal intensity. In this study, the TR/TE values were chosen such that their minimal allowable values were reached with the least amount of system idle time. If TR/TE were fixed for the two EPI sequences, the comparison would be in favor of single-shot EPI because the amount of data sampled (particularly at the outer k-space) would be substantially larger compared to PROPELLER EPI. In practice, since the data acquisition window within one RF excitation was significantly shortened in PROPEL-LER EPI, the resulting system idle time allowed either more slices to be interleaved within one TR, or a shortening of TR/TE to yield higher SNR. Certainly in the latter case (as was done in our study), the consequent changes in image contrast made the SNR comparison somewhat subjective. In other words, the comparison performed in this study was based on practical considerations as would be encountered in clinical applications.
DISCUSSION
In this article we have presented the implementation of a PROPELLER EPI acquisition sequence and its corresponding image reconstruction methods. In comparison with the original version of PROPELLER imaging proposed by Pipe (14) , which used FSE as the signal readout module, PRO-PELLER EPI has the following advantages: First of all, PROPELLER EPI exhibits much lower SAR than PROPEL-LER FSE due to the absence of long 180°pulse trains. Particularly at high field strengths, the SAR in the context of patient safety is an essential factor that should be taken into serious consideration. Second, PROPELLER EPI allows much easier multislice interleaving within one TR because there is less cross talk than would be brought about by the imperfect slice profiles of the selective 180°p ulses (17) . This advantage is especially useful in clinical practice, where multislice imaging is highly desirable. Third, since there are no repetitive 180°refocusing pulses in PROPELLER EPI, echo spacing is consequently much shorter than in PROPELLER FSE. As a result, whole-brain coverage with a larger number of contiguous slices interleaved in one TR becomes easily feasible.
Compared with single-shot EPI, the PROPELLER EPI scheme proposed in our work may seem to be less efficient in terms of k-space coverage. After all, PROPELLER EPI is multishot in nature, and thus may not be appropriate for fast scanning applications such as dynamic susceptibilitycontrast perfusion-weighted imaging. Nevertheless, PRO-PELLER EPI provides a unique feature of substantially reduced geometric distortions near the air-tissue interfaces that are prone to susceptibility effects. This advantage originates from a combination of the reduced number of phase encodings (and hence shorter readout time) in one single blade, and the radial nature of k-space traversal. Unlike single-shot EPI, where the filling of k-space is achieved by a continuous lengthening of the acquisition window, a substantial portion of the k-space (particularly the outer part) in PROPELLER EPI is filled with different blades of an acquisition in which a shorter acquisition window is used. During the data combination process, therefore, information close to the time of SE can be integrated to form the image with reduced geometric distortions (cf., Fig. 5 ). As for the motion-freezing capability, although admittedly it is no better than ultrafast singleshot EPI, the self-navigation property of PROPELLER EPI (10, 14) could compensate for the motion influences at least to some extent.
An application for which PROPELLER EPI is particularly suitable is white matter tractography based on DTI (1) (2) (3) 18, 19) . In tractography using DTI, whole-brain coverage with contiguous slices is desirable, which makes PRO-PELLER EPI attractive due to the absence of a large number of 180°pulses. In addition, multiple signal averages are needed in DTI for tractography in order to achieve high SNR for reliable information on neural fiber orientations (20, 21) . Here the multishot nature of PROPELLER k-space trajectory provides SNR advantages due to the repeated sampling of the central k-space. With similar total scan times that are clinically acceptable (say around 5 min), the shortened data acquisition window within individual blades in PROPELLER EPI leads to a shortening of TR and TE, and hence allows more signal sampling in k-space center compared to single-shot EPI. Equivalently speaking, considering SNR measured with low-resolution (e.g., measured with ROI), PROPELLER EPI has higher SNR than single-shot EPI, because of the larger percentage of the scan time spent in traversing through the central k-space. This factor alone helps to improve the image SNR. In our study, DWI PROPELLER EPI showed a higher empirical SNR compared to single-shot EPI with the same diffusion weighting.
Other than the oversampling of the central k-space, however, the SNR benefit of PROPELLER EPI as compared to single-shot EPI at similar total scan times is quantitatively rather complex. Due to nonuniform signal averages in different portions of the k-space, the SNR in PROPELLER EPI is obviously "colored," being larger at the central portion of the k-space and lower at the outer k-space, respectively. The ROI SNR analysis performed in this study, which actually measured SNR at a low spatial resolution, thus somehow favored the PROPELLER EPI technique. In other words, oversampling of the central k-space only benefits SNR at low spatial resolution. In addition, considering that the k-space coverage is circular instead of rectangular, as is commonly encountered in single-shot EPI, the voxel size difference further complicates an objective comparison. Furthermore, the shortened TR and TE in PROPELLER EPI have opposite effects on SNR due to T 1 and T 2 relaxation. Taking, for example, the white matter that is essential for DTI, with T 1 on the order of 900 ms at 3.0 Tesla (22), a change in TR from 2700 to 1600 would result in a 12% (or factor of 0.88) signal decrease. Yet for T 2 of the white matter on the order of 100 ms, a reduced TE from 113 ms to 70 ms would lead to an SNR increase by a factor of 1.54, which well compensates for the SNR loss caused by the shortened TR. On the other hand, the use of triangular windowing results in some SNR loss in that the effective number of oversampling of the central k-space becomes reduced, which may somehow diminish the SNR benefits due to changes in TR/TE. To make the comparison even more difficult, note that the derivation of the noise level is quite different in single-shot EPI and PROPELLER EPI images. In single-shot EPI images, one would measure the noise level in an ROI defined within the background region, while avoiding the inclusion of the Nyquist ghost. In PROPELLER EPI images, however, the Nyquist ghosts are spread over the entire circular FOV, such that it is virtually impossible to measure pure random noise without including the Nyquist ghosts. Certainly, a detailed quantification of the actual SNR advantage of PROPELLER EPI depends on the number of blades, the echo train length used in one blade, and a lot more factors than those addressed in this discussion. It was thus beyond the scope of this study, in which only simplified calculations were performed.
It should be noted that although the PROPELLER EPI images are in general free from prominent susceptibilityinduced geometric distortions, its use of a shorter data acquisition window does not remove the distortions completely (23) . This is understood in that even a slight image warping along the phase-encoding direction in each EPI blade could lead to circular blurring after the PROPELLER data are combined (cf., Fig. 7) . Therefore, in cases in which severe off-resonance effects are present, or when high spatial resolution necessitating a large matrix size is desired, correction schemes employing field map acquisition would be needed (16) . Since the acquisition of accurate field maps takes time, involuntary motion between scans may become an issue and reduce the effectiveness of the field map correction. Other approaches, such as parallel imaging methods using phased array receiver coils, could further reduce the number of phase encodings to decrease the extent of susceptibility artifacts (24) . An investigation of PROPELLER EPI with parallel imaging is currently under way (25) .
We conclude that the PROPELLER EPI is an effective technique that combines the advantages of reduced geometric distortions compared to single-shot EPI, and substantially lower SAR compared to PROPELLER FSE. In addition, its multislice interleaving compatibility, better SNR, and self-navigated phase-correction capability make it very attractive for DTI applications. It is particularly suitable for high-field imaging and thus may be clinically useful at 3.0 Tesla.
